Abstract. The use of alternative techniques to reduce the number of animals used in anticancer research is an issue of current interest. The aim of this study was to validate the use of a simple and efficient alternative tool for the assessment of the potential of novel anti-proliferative agents. A set of 20 compounds with various mechanisms were tested in the Triticum aestivum root elongation assay, using aminophylline as negative control. Hierarchical cluster analyses were performed using the furthest neighbor method based on Euclidean distance measure, and the compounds were statistically analyzed in reference to their anti-proliferative pattern registered in the NcI60 human tumor cell line anticancer drug screen. A correlation between the Triticum test results and the NCI60 anti-proliferative profile was made for a number of human cells that we defined as the Triticum cell panel. Linear equations were computed that can be used to transform the inhibitory effect measured in any future Triticum assay in order to predict the effect on particular human cells. Of the tested anti-proliferative agents, methotrexate, colchicine, cantharidin, cisplatin and verapamil produced a growth inhibition over 50%. On the whole, the findings of this study suggest that the Triticum test can be used to detect several types of anti-proliferative mechanisms, particularly those targeting tubulin, rendering it a useful tool with which to identify novel mitotic spindle inhibitors.
Introduction
Experimental animal data are essential to the development of novel therapeutic compounds, and the observations are commonly assumed to be predictive of biological responses in humans. However, ethical issues lead to the need for reducing the number of animals used in preclinical testing; therefore, there is a stringent need for the development of alternative assays so as to allow a selection of compounds for further preclinical development. Operational primary screens enable researchers to substitute a significant proportion of animal research (1) . This also applies for anticancer compounds, for which animal testing is still prevalently used. In the case of anticancer compounds, it is important to have validated methods for assessing the anti-proliferative effects, before moving into the next stage, the preclinical one (2) .
The functional similarities among living organisms can be a very useful background for generating biological information. The extrapolation of results among species can offer valuable information, particularly in the case of a toxic effect (3) . Some non-animal tests have proven themselves valuable for pre-screening compounds, and thus reducing the number of animals used in consequent research. For example, the Ames test, using strains of the Salmonella typhimurium to determine whether chemicals cause dNA mutations, has been successfully validated and is widely employed as pre-screening to reduce rodent testing for cancer-causing compounds (4) .
Other useful methods are phytobiological tests, which examine phytotoxicity. Successfully used to evaluate the environmental effects in contaminated soils (5, 6 ) and wastewater (7, 8) , and to assess the cytotoxicity of pollutants, such as arsenic (9) , pesticides (10) and herbicides (11) , they measure the delay of seed germination, the inhibition of plant growth or any adverse effects on plants caused by specific substances (5) . In this study, we wished to determine the relevance of this when testing anticancer compounds. We wished to determine whether it is possible to establish a direct association between the impairment of plant growth and the anti-proliferative effects Predictive power of the Triticum root elongation test for the assessment of novel anti-proliferative therapies of cytostatics, thus using phytobiological tests as pre-screening assays for such substances. Several higher plants can be used for the study of root elongation, ranging from monocotyledons, such as Triticum aestivum (12, 13) , Agropyrum repens (14) , Allium cepa (15, 16) , Panicum miliaceum, Avena sativa (17) , to dicotyledons e.g., Vicia faba (18) , Lycopersicon esculentum (19) , Lactuca sativa (20) , Cucurbita pepo (21) , Raphanus sativus (17) , Phaseolus radiatus (13) . A previous study demonstrated that monocots exhibit a greater sensitivity (6) .
These plants have been employed as instruments for the screening of the toxicity of bioactive compounds. Tests using these plants are very easy to perform, and have a low cost, are efficient and present good correlations with other tests (6, 22) connected to cytotoxicity and genotoxicity (23) . Root growth is regulated by two processes which are closely linked, cell division and cell expansion. The inhibition of root elongation can be achieved either by cytotoxic agents that inhibit the cell cycle in different phases or by inhibitors of cell expansion (24) . However, we wished to determine whether the Triticum aestivum root elongation test can be used as an effective method for the biological evaluation of novel potential anti-proliferative agents and whether a plant-based assay can predict mammalian efficacy.
It is likely that anti-proliferative drugs can produce the same effect in the Triticum assay as in higher living organisms, since a significant number of oncogenic signal transduction pathways are highly conserved in living organisms (25) . For this purpose, in this study, we examined the effect produced on the root growth of wheat seeds by a number of known cytotoxic substances with various structures and mechanisms of action. To better understand the limitations of the test, the results were classified and correlated with the anti-proliferative profiles on human tumor cell lines, using the data provided by the developmental Therapeutics Program (dTP) of the National Cancer Institute (NCI) (26) . The NCI60 fingerprint of anti-proliferative effects can be used to elucidate the mechanisms of action, or to identify similar known compounds (27) . The versatility and usefulness of chemoinformatic and bioinformatics analyses based on the NCI60 profiles has been demonstrated in various studies (28) (29) (30) (31) .
The aim of this study was to determine whether the phytobiological toxicity screening test could provide information on the anti-proliferative effects in human cells, since this effect is regulated by similar processes that are highly conserved in the cell division process of all eukaryotic organisms. Root elongation is frequently used for the assessment of cytotoxicity, due to its several already mentioned advantages. The purpose of this study was to establish its limitations and to validate its use, thus providing an additional tool for the screening of both natural and new synthesized compounds with potential anti-proliferative effects.
Materials and methods
Reagents and chemicals. All reagents and solvents were purchased from commercial suppliers. The compounds used for screening were purchased from Sigma-Aldrich and were as follows: Albendazole (54965-21-8), aminophylline Compound preparation. Triticum aestivum (Boema cultivar), supplied by SC Adaflor SRL was selected as the test plant. dry caryopses were soaked for 24 h in distilled water and 20 caryopses for each concentration were equally distributed on filter paper disks in Petri dishes of 90 mm diameter and treated with 5 ml of each test solution. The bioassay was performed at 25±1˚C, 75% relative humidity in the absence of light, in a plant growth chamber (MLR-351H; Sanyo). All compounds were dissolved in dimethyl sulfoxide (dMSO) and diluted with sterilized distilled water until the concentration of dMSO was 1%. Each compound was tested in duplicate at concentrations ranging from 0.1 to 500 µM (0.1, 0.5, 1, 5, 10, 50, 100 and 500 µM) depending on the solubility or the results of preliminary tests. A negative control sample was prepared with aminophylline due its inactivity on all NcI60 cell lines, as evidenced by the data downloaded from the NcI website (https://dtp.cancer.gov/databases_tools/default.htm). A solvent control with 1% dMSO in distilled water was used. Indole-3-acetic acid is a well-known plant hormone (32) and was used as positive control. The length of the embryonic root was measured with the application ImageJ software version 1.46 r (Wayne Rasband, National Institutes of Health) and the values of root elongation were expressed in mm.
Statistical analysis. The d'Agostino
Pearson normality test (α=0.5) was performed on the root elongation data and, due to the abnormal distribution of the values of radicular elongation, the non-parametric Kruskall Wallis test with dunn's post hoc test were applied in order to evaluate the statistical differences.
The inhibition (I%) was calculated and plotted against the logarithm of concentrations and the corresponding curves were calculated using the least squares fit method. The inhibitory activity was defined as the concentration of compound (IC50) causing a 50% decrease in root length, relative to the solvent control, and was calculated using the equation presented in our previous study (9) . The negative log10 values of the Ic50 value expressed as a molar concentration (pIc50) were calculated for each tested compound. Whenever the obtained results permitted, the upper and lower limits of the 95% confidence interval (95% CI) and the correlation coefficient (r 2 ) were calculated. NcI uses a panel of 60 human tumor cell lines representing 9 tissue types (central nervous system, leukemia, breast, colon, renal, lung, ovary, prostate and melanoma) to screen novel synthesized compounds and pure natural products. In this study, we used negative log10 of the 50% growth inhibitory concentration expressed as molar concentration (pGI50) for each test compound. All data were collected freely from the dTP website (https://dtp.cancer. gov/databases_tools/default.htm).
A hierarchical cluster analysis of the root elongation inhibitory effects was performed using the furthest neighbor method and Euclidean distance measure. A two-sample t-test for unpaired data was performed to compare data sets.
Results

Triticum aestivum root elongation assay.
A total of 18 anti-proliferative agents were selected based on their anti-proliferative mechanistic diversity and were tested in the Triticum aestivum root elongation assay. Aminophylline was selected as the negative control, having no significant effect on all NcI60 cell lines, as well as indole-3-acetic acid (https://dtp.cancer.gov/databases_tools/default.htm) selected as the control, since its effect on root elongation is well known. The values obtained for the inhibitory effects are presented in Table I . The values ranged from -41.23, which represent a stimulation of root length, to an inhibition of 88.03%.
As shown in Table II , the Kruskal Wallis test revealed statistically significant differences between the results obtained at various concentrations, although a linear effect-concentration association was not found for all determinations. No association was found between concentration and root elongation for albendazole, chlorambucil, hydroxyurea, imatinib and irinotecan. Dunn's post-test revealed statistically significant differences between the results obtained for each concentration and the solvent control sample, with the exception of quinine and verapamil, which induced a stimulating effect, without being statistically significant.
Even after exposure at high doses, only 5 of the anti-proliferative agents, methotrexate, colchicine, cantharidin, cisplatin and verapamil produced a growth inhibition over 50%. detecting only 5 out of the 18 anti-proliferative compounds tested suggests a poor predictive power and a high false-negative ratio. The inhibition threshold of 50% was also achieved for aminophylline and indole-3-acetic acid. For all these compounds, the half maximal inhibitory concentration (Ic50) values and their corresponding negative logarithm (pIc50) were computed based on the dose-response curves presented in Fig. 1 . The Ic50 values, their corresponding confidence interval, and correlation coefficient (r 2 ) were calculated and are presented in Table III in ascending order.
The high rate of false-positives is due to the small tested set and the deliberate selection of indole-3-acetic acid as a known root growth inhibitor without an anti-proliferative effect. The most frequent problem observed was the low water solubility of some compounds that hindered testing on higher concentrations that would have produced an inhibition >50%. This is probably the main reason for the low sensitivity of the test.
Cluster analysis of the root elongation inhibitory effects.
In order to better determine the wheat root inhibition profile of all the 20 tested substances, a hierarchical cluster analysis was performed using the furthest neighbor method and Euclidean distance measure. Three major clusters were obtained (Fig. 2) . The first is represented by colchicine, methotrexate, cantharidin and indole-3-acetic acid as the group of potent root elongation inhibitors; the second comprises epirubicin, quinine, verapamil, and aminophylline, compounds with a stimulatory effect at low concentrations and an inhibitory effect at larger doses. The third group contains compounds with low inhibitory effects: cisplatin, podophyllotoxin, paclitaxel, irinotecan, albendazole, busulfan, imatinib, chlorambucil, mercaptopurine, cyclophosphamide, hydroxyurea and fluorouracil.
Cluster analysis of the NCI60 anti-proliferative profile. All anticancer agents tested in the Triticum assay were statistically analyzed based on their anti-proliferative pattern registered in the NcI60 human tumor cell line anticancer drug screen. Indole-3-acetic acid was not included in the classification as it was not tested in the NcI60 5-dose screening. The NcI60 5-dose assay results in a characteristic fingerprint of cellular response that can be used to assign a mechanism of action, or to classify the compounds. NCI defines the half maximal growth inhibition (GI50) as the molar concentration that causes 50% inhibition for each cell line, and pGI50 as the negative logarithm of GI50. The pGI50 values were selected as the end-point for this study.
The anti-proliferative effect of a compound on a single cell line offers little information, but an array of effects across the 60 cell lines gives important strength to the method. All tested compounds were hierarchically clustered using the furthest neighbor approach and the Euclidean distance measure on the 60x19 matrix of pGI50 values (Fig. 3) .
The patterns of growth inhibition in the NcI60 5-dose assay have been used in a number of studies to identify the mechanism for new compounds, or to better determine their effects on specific oncologic targets (29, 31, 33) . The results of our classification produced different clusters than the results of Triticum root assay, but some interesting similarities can be pointed out.
In both human and plant cells, methotrexate and colchicine demonstrated comparable profiles. Paclitaxel and podophyllotoxin produced similar profiles in human cells and in the root elongation test, in concordance with the known mechanism of disrupting microtubule/tubulin dynamics. Paclitaxel binds to polymerized microtubules and promotes tubulin stabilization, while podophyllotoxin induces microtubule depolymerization (34) . colchicine presented the same mechanism as podophyllotoxin; however, of note, the anti-proliferative profile of the two compounds correlated only in the human cells, while in the root cells its correlated better with methotrexate. A good correlation of the colchicine and methotrexate cell susceptibility can also be observed in the NcI60 data. 
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Methotrexate had the optimal inhibitory effect on the Triticum assay, with a pIc50 value of -5.526 (Table III) , compared to the values registered on human cancer cells, ranging from -6.106 to -9.000, with an average value of -7.895 (data not shown). cantharidin also produced a potent inhibitory effect on root elongation, with a pIc50 value of -5.039, but closer to those in human cells where the average was -5.780. In the case of colchicine the pIC50 was -4.684, significantly higher than the average value calculated for the human cells as -7.211 (data not shown). For all these compounds, as well as cisplatin and verapamil, the inhibitory effect on the Triticum test was registered at a higher concentration than those noted on human cells. In the case of aminophylline, the results could not be compared as the NcI60 assay protocol begins with the highest concentration of 10 -4 M and the pGI50 values can be anywhere above the -4 threshold.
The calculated pIc50 values were used to compare the Triticum assay with the array of pGI50 values for all human tumor cells from the NcI60 panel, in order to identify whether the root elongation test correlates with a particular type of tumor cell. The statistical analysis was performed for the methotrexate, cantharidin, colchicine, cisplatin, aminophylline and verapamil data arrays on Triticum against each cell line of the NcI60 panel. Indole-3-acetic acid was not used as the pGI50 values are not registered on the NCI database. The correlation was significant at the 0.05 level (2-tailed). Of all the 60 cell lines, a significant correlation was registered for only 12 cell lines. Plotting the 6 pGI50 values against the Ic50, a conversion equation was computed that can be used for the prediction of the anti-proliferative effect on those cells based on the Triticum assay (Table IV) . The results indicated a similar effect of the tested 6 drugs on the wheat root elongation and on 12 human cancer cell lines, representing 6 of the 9 tissue types of the NcI60 panel. There seemed to be no association between the cell origin and the existence of a correlation with the Triticum test. We defined these 12 cell lines as the Triticum cell panel. comparing these cell lines with those uncorrelated in order to illustrate the interdependence factors, a simple observation was made that the cells doubling times were smaller in the Triticum cell panel, with an average of 25.2 h, compared to 37.45 h in the rest of the cells (data not shown). A two-sample t-test for unpaired data was performed and demonstrated a significant difference (P<0.01) between the two set doubling times. In addition, cells such as HOP-92, NcI-H226, or A498, which have a doubling time over 60 h, share a Pearson's coefficient under 0.5 with the Ic50 array of values (data not shown).
Table IV describes 12 linear equations that can be used to transform the Ic50 value calculated in any future Triticum assay in order to predict the pGI50 value of the Triticum cells panel. For all these cells, the computed equations indicate higher pGI50 values, compared with the Ic50 value, arguing to a higher resistance of the wheat root cells to the effect of the anticancer drugs. These equations could be reversed to evaluate the environmental impact of antineoplastic drugs on higher plants.
Discussion
The Triticum root elongation test is a simple and inexpensive method for screening novel chemical compounds; however, its use is often empirical. The aim of this study was to validate this method for assessing the anti-proliferative effects of synthetic or natural compounds and to use it as an alternative technique.
The results indicated that when used on its own, the Triticum test is not a very good choice for the selection of novel anti-proliferative compounds, due to the high false-negative ratio. Of the tested 18 anti-proliferative agents, only 5 were identified as inhibitors of root elongation.
Methotrexate registered the highest impact on the Triticum root. It is one of the earliest anticancer drugs, an antifolate that mainly inhibits dihydrofolate reductase, leading to impaired purine synthesis. As a result, malignant cells are unable to synthesize dNA and RNA, leading to cell apoptosis (35). This confirms the findings of previous studies emphasizing the crucial role of folates in root development (36, 37) . cantharidin is a natural substance, secreted by blister beetles, particularly Lytta vesicatoria, which inhibits protein phosphatase 2A. Protein phosphatases are involved in multiple cellular processes, although the exact pathway through which they exert growth inhibitory effects and cell death remains unclear (38) . This study indicated a similar pattern of response for cantharidin and methotrexate in plants, but different in human cells.
colchicine, podophyllotoxin and paclitaxel belong to the larger group of spindle assembly inhibitors or spindle poisons, compounds that interrupt the mitosis phase of cell division (25) . Previous studies have indicated that cantharidin also disrupts the organization of spindles, resulting in a prolonged mitotic arrest (38, 39) . In this study, all these compounds inhibited root elongation, indicating that the Triticum root assay can effectively detect drugs acting as mitotic inhibitors (Fig. 4) .
cisplatin induces cytotoxicity by interfering with dNA repair mechanisms, causing dNA damage and inducing the apoptosis of cancer cells (40) . cisplatin has a very similar mechanism as busulfan, chlorambucil and cyclophosphamide (41, 42) ; however, these compounds had little effect on root elongation. The most probable explanation is their low potency on human cancer cells. The Triticum test can be helpful for future research, particularly if is coupled with some simple tests to evaluate the toxicological profile of a new compound or plant extract, such as the Daphnia assay (43) (44) (45) . A high inhibitory effect on the root elongation combined with a low toxic effect can be a good indicator of an anti-proliferative effect on the cell lines described as the Triticum panel. Using the conversion functions presented herein, a good estimation of the GI50 value can be obtained. The repurposing of plants herbicides as potential anticancer leads can be an important future direction to use the Triticum test. Phosphinothricin is such an example emerging as a novel anticancer agent against McF-7 breast cancer and A549 lung cancer cell lines (46) .
The results of this study suggested that the Triticum root elongation test can detect several types of anti-proliferative mechanisms, as described above, particularly those targeting tubulin. Triticum assay may be an effective good tool which could be used to identify novel spindle inhibitors. Some studies (mentioned above) have reported the possibility of repurposing known herbicides as cytotoxic agents.
In conclusion, the findings of the present study demonstrate that the Triticum root elongation assay is a simple and inexpensive method when used empirically for the screening of novel chemical compounds. The results indicate that on its own, the Triticum test is not a very good choice for the selection of novel anti-proliferative compounds, due to the high false-negative ratio; however, it can be useful if coupled with simple tests that can evaluate the toxicological profile. This study indicates that the Triticum assay may prove to be a good tool which could be used to identify novel spindle inhibitors and for the repurposing of plant herbicides as potential anticancer agents. It may prove to be an important assay for future research direction.
